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Baryon content
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Baryon content
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Baryons at low z

- Only  10% of baryons form
galaxies

- The gas observed around
galaxies (CGM) and in clusters
(ICM) can account for another

10% of baryons

Fukugita & Peebles 2004
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WHERE ARE THE BARYONS?

RENYUE CEN AND JEREMIAH P. OSTRIKER
Princeton University Observatory, Princeton University, Princeton, NJ 08544; cen@astro.princeton.edu, jpo@astro.princeton.edu
Received 1998 September 11 ; accepted 1998 October 29

ABSTRACT

New high-resolution, large-scale cosmological hydrodynamic galaxy formation simulations of a stan-
dard cold dark matter model (with a cosmological constant) are utilized to predict the distribution of
baryons at the present and at moderate redshift. It is found that the average temperature of baryons is
an increasing function of time, with most of the baryons at the present time having a temperature in the
range of 10°-107 K. Thus not only is the universe dominated by dark matter, but more than one-half of
the normal matter is yet to be detected. Detection of this warm/hot gas poses an observational challenge,
which requires sensitive EUV and X-ray satellites. Signatures include a soft cosmic X-ray background,
apparent warm components in hot clusters due to both intrinsic warm intracluster and intercluster gas
projected onto clusters along the line of sight, absorption lines in X-ray and UV quasar spectra [e.g.,
O v1 (1032, 1038) A lines, O v 574 eV line], strong emission lines (e.g., O v 653 eV line), and low-
redshift, broad, low column density Lya absorption lines. We estimate that approximately one-fourth of
the extragalactic soft X-ray background (at 0.7 keV) arises from the warm/hot gas, half of it coming from
z < 0.65, and three-quarters coming from z < 1.00, so the source regions should be identifiable on deep
optical images.

Subject headings: cosmology: theory — galaxies: formation — large-scale structure of universe —
methods: numerical



The cosmic web

Springel et al. 2005

Filamentary structures observed using weak lensing:
e.g. Clampitt et al. 2016, Epps & Hudson 2017




Warm-hot intergalactic medium (WHIM)

Condensed

WHIM is diffuse, ionised gas:
- Low density: = 10

log (Baryon Mass Fraction)

- Temperature:  10°  10’K

1
log (ps/ )

Shull et al. 2012



Detecting the WHIM
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Low redshift baryon census

missin
29+13%

Dark Matter

galaxies

Dark Energy
GM 5+3%

ICM 4+1.5%

cold gas 1.7+0.4%

ESA/Planck; Shull et al. 2012



Detecting the WHIM
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Observing the SZ effect

SZ effect has been used to detect  10° clusters (Planck, SPT)

y x10°
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Planck Collaboration 2015 Results XXII (adapted)



Search for gas filaments

¥ Select pairs of CMASS galaxies

- transverse separation
6 14Mpc=U
- line-of-sight separation
5Mpc=U
T 1 million pairs

1



Search for gas filaments

¥ Select pairs of CMASS galaxies

- transverse separation
6 14Mpc=U
- line-of-sight separation
5Mpc=U
T 1 million pairs

¥ Stack their SZ signal
( Amap from Planck 2015 XXII)

1



SZ stacking result
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Excess signal?

¥ Filament or overlapping haloes?
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Vertical profile Horizontal profile
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2D result

data model residual
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Some questions...

- Is it significant?

ry [h -1 Mpc]

- Projection effects?

- Contamination from other
astrophysical sources?

- How do we know this is the
WHIM?

-0.8 -0.4 0.0 0.4 0.8
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Significance estimate

- CMASS area covers
9000 deg?
- 1 million pairs, each span
0:1deg?
- Use jackknife resampling of
independent areas:

- 2:9 result
- A=(6 02) 107




Significance estimate

0.40

0.36

0.32

0.28

0.24

0.20 =

0163

0.12 Tanimura et al. (2017) found
oo A= (131 0:25) 10 8(53 )
0.00 using 2:6 10° LRG pairs

Y axis [pair-separation unit]

-2 -1 0 1 2
X axis [pair-separation unit]

0.4

0.2

0.0} =

-0.2 ‘ ‘

A T " — 1 2 3
X axis [pair-separation unit]

Ay/1077




Contamination |

¥ |nfrared emission from dusty galaxies (CIB) may leak into SZ map
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Contributions to the tSZ power spectrum; Planck 2015 Results XXII!
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Contamination Il

Diffuse gas from filaments or bound gas in haloes?
Construct simulated Amap from the Millennium simulation

- Select only the haloes
- Use Y-M relation to assign

weight

- Populate haloes with galaxies

using HOD recipe

- Repeat stacking analysis for

simulated map and galaxy
pairs
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Sembolini et al. 2013
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Contamination Il

¥ Diffuse gas from filaments or bound gas in haloes?
Stack simulated Amap from the Millennium simulation
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¥ Up to 20% of excess signal may come from bound gas in haloes
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Filament properties?

Found large-scale gas filaments (10 Mpc/h), but is it the WHIM?

- Degeneracy problem:
SZ effect A/ ,6,

22



Filament properties?

Found large-scale gas filaments (10 Mpc/h), but is it the WHIM?

- Degeneracy problem:
SZ effect A/ ,6,

- Gravitational lensing of
CMB by large scale
structure can break
degeneracy

- Filaments previously
detected using CMB
lensing by Planck collaboration/ESA
He etal. 2018, R,—ees u,e0 0 A

22



CMB lensing

data model residual
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CMB lensing

Vertical profile Horizontal profile
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Filament properties

A are projected quantities ¥ require assumptions to infer the
average filament properties:

- the stacked filament has a cylindrical shape
- matter in the stacked filament follows a Gaussian distribution
- baryons follow the dark matter

25



Baryon content

¥ Stacking of CMASS galaxy
pairs for:

- CMB lensing gives matter
density = (55 2:9)
- the SZ effect (gas pressure)

leads to temperature galaxies 7-+2%
. 6 cold gas® 1.7:+0.4%
0= (2.7 1.7) 10°K

¥ Accounts for  11% of
baryons in the Universe
Agrees with estimate by
Nicastro et al. 2018, R,—e-~

still missing
18+16%

photoionised™
(T'~10"K)
28+11%
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Summary & Future work

- Measured the SZ effect and CMB lensing between pairs of
massive galaxies

- Bound gas in haloes contributes up to 20% of excess SZ signal

- Filament gas density (6 ) and temperature (3 10°K) are
consistent with predictions from simulations

- Stacking probes large volume and overcomes cosmic variance
but poses other challenges:

- Room for improvement by varying sample selection and
experimenting with different models

- Weak lensing surveys may help to constrain the filament matter
density

- Future X-ray observations (eROSITA) will help break degeneracy
between gas density and temperature
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